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I. INTRODUCTION 


Our galaxy is full with planets. We now know that planets and planetary systems are diverse 
and come with different sizes, masses and compositions, as well as various orbital architectures. 
Although there has been great progress in understanding planet formation in the last couple of 
decades, both observationally and theoretically, several fundamental questions remain unsolved. 
This might not be surprising given the complexity of the process that includes various physical and 
chemical processes, and spans huge ranges of length-scales, masses, and timescales. In addition, 
planet formation cannot be directly observed but has to be inferred by gluing together different 
pieces of information into one consistent picture. Observations can provide information on the small 
solids [4| in young protoplanetary disks or information on mature planets, but the actual processes 
that determine how solids and gas accumulate to form planets remains obscure to measurements. 
The first planets embedded in protoplanetary disks are just being discovered [e.g., [53]. 

Planets are formed in protoplanetary disks around young stars [120]. Such disks are also 
diverse in terms of mass, size, and lifetime, which from the beginning may produce some diversity 
in the final planetary systems. It is the disk’s composition and structure that determines the 
initial conditions for planetary formation and, once objects are formed in the disk, the interaction 
with the disk is of significant importance. Understanding the physical and chemical properties of 
protoplanetary disks is crucial since they determine the amount of different solid materials at given 
radial distance and time, and their lifetimes provide upper limits for the available timescale for 


giant planet formation. 


II. STATE OF THE ART 


How do planets form? remains a fundamental question in modern astrophysics. Studies on 
the origin of planets have been conducted throughout the last few decades, although thoughts 
about the formation of the solar system started much longer ago, with the nebular hypothesis 
being introduced by Immanuel Kant (1755) and Pierre-Simon de Laplace (1796). A substantial 
milestone was the publication of Victor S. Safronov in 1969 [97] where a physical model for planet 
formation has been presented. 

Until the mid-90s, before the first exoplanet around a sun-like star had been discovered [79], 
all planet formation models aimed to explain the properties of the solar system, with the implicit 


underlying assumption that every planetary system should have had a structure similar to ours. 


Even today, the solar system remains a key benchmark for planet formation models, because we 
have a huge amount of information on its planets and its small bodies that allow testing the models 
in great detail. 

The solar system, however, is a rather well-arranged planetary system with four terrestrial 
planets, two gas giants and two ice giants, in order of distance from the Sun. This leads to a 
mass function that has a maximum at Jupiter’s location. The orbits of the planets have small 
inclinations relative to the plane orthogonal to the total angular momentum of the system, which 
itself is almost aligned with the Sun’s equator. In addition, the orbits of all planets are almost 
circular and most of the planets rotate around their spin axis in the same direction they orbit the 
sun. The farthest planet, Neptune is located at 30 AU and the closest, Mercury, at ~ 0.4 AU. 
Formation models were designed to explain these features as a generic and necessary outcome of 
the planet-formation process. 

Our view of planetary systems completely changed with the discovery of exoplanets. New types 
of planets have been found - super-Earths and mini-Neptunes but also super-Jupiters; moreover, 
giant planets have been found on orbits very close to the host stars (hot Jupiters) but also ex- 
tremely far from the star at tens of AUs, often on very eccentric orbits very inclined relative to the 
stellar equator; many packed systems of intermediate-mass planets have been discovered, confined 
within the orbit of Mercury, often in or near mean-motion resonances with each other. In sum- 
mary, planetary systems can be dramatically different from our own. These observations challenge 
planet formation models tuned to explain the architecture of the Solar System. Modern planet 
formation models need to explain not only the detailed structure of the Solar System but also the 
wide diversity among planetary systems, as well as the trends observed in terms of stellar type, 
metallicity, etc. 

The standard model for planet formation is known as “core accretion” 64 
M21]. The first stage of planetary formation is the build-up of a planetary “core” made of 
heavy-elements. The growth of the core could be a result of accretion of planetesimals [93], pebbles 
or both [3]. This formation stage leads to the formation of solid proto-planets, often called 
planetary embryos if they are sub-terrestrial in mass or planetary cores if the are more massive. 
Their mass depends on local conditions (planetesimal density, pebble flux, etc.). The growth of 
planetary embryos/cores is called phase-1. It should be noted that during phase-1, if the mass of 
the forming object exceeds ~ 2 Me accretion of H-He can take place [16 [112]. Nevertheless, in this 
stage the composition of the object is clearly dominated by heavy elements, where M, > My~_ He. 


If the growth of the core is rapid enough, and the gaseous disk is still present, the forming object 


can start to steadily accrete gas from the disk (phase-2). During this stage, mini-Neptunes and 
Neptune-like planets can be formed, i.e., planets that are still heavy-element dominated but with 
bound envelopes of H-He. At the end of this phase the H-He mass can be comparable to the heavy 
element mass, i.e., M, ~ MH-He. Once the heavy-element mass and the mass of the gaseous 
envelope become comparable (known as crossover mass), the growing planet begins to accrete H- 
He gas in an exponential fashion (phase-3, a.k.a. runaway). Planets that reach this formation 
stage rapidly become giant planets, i.e., planets dominated in mass by the gaseous envelopes where 
M, &« My_ue, like Saturn and Jupiter. Runaway accretion of gas terminates either by dissipation 
of nebular gas or by other mechanisms that regulate the gas accretion as we discuss below. Once 
the giant planet reaches its final mass it contracts and cools down on a time scale of 10° years (long- 
term planetary evolution). Figure 1 shows sketches of the three main phases of planet formation 


in the core accretion scenario and the expected formed objects at each stage. 


phase-1 phase-2 phase-3 
terrestrial planets Neptunes, mini-Neptunes Gas giants 
Mz << Mute 


M, > Mie OF M, ~ Mitte 
M, >> Mite . 


Planetary mass (Mota) pe i 


oon 


ae 
oes 
- 


me in the envelope 


Mass (Mọ) 


p-He M S) ae 
= ane pure —Z core (M, coea 


Time (Myr) 


FIG. 1. A sketch of the growth of a planet in the core accretion model. Shown is the planet’s mass vs. time 
up to the onset of phase-3, when runaway gas accretion begins. Dashed purple line: pure heavy-element 
actual core mass. Dashed brown line: gaseous (hydrogen and helium only) mass. Solid red line: heavy- 
element mass in the envelope. Dashed blue line: total planetary mass. Sketches of the forming object at 
each stage are shown above (not to scale). M, and My- He correspond to the heavy-element and H-He mass, 


respectively. 


Ill. IMPORTANT QUESTIONS 


Below we list some of the key open questions in planet formation theory. 


Where do planets form? 


It was assumed for decades that the solar system planets formed where we observe them today. 
The discovery of hot Jupiters and later of smaller planets at very short periods suggested that 
planets can (significantly) change their orbital location. The most accepted explanation is orbital 
migration when the gaseous disk is still present. In fact planet migration in a disk was already 
predicted in 1980 [36], but it attracted the attention of the community only after the discovery 
of hot Jupiters [105]. Other scenarios that can explain the existence of hot Jupiters are mutual 
scattering of a system of giant planets [7] or in situ formation [6]. Nevertheless, the existence of 
systems of medium-mass planets in resonance with each other (e.g. Trappist-1, Kepler-223) is a 
clear signature of migration. Also the heavy-element enrichment of warm Jupiters [101] supports 
the scenario of planetary migration. 

From the formation point of view, the ideal conditions for the formation of giant planets are near 
the ice line. However, when migration is included, giant planets forming at the snowline should all 
end up as hot Jupiters. This is in conflict with the observations suggesting that hot Jupiters are 
only ~10% of that of cold Jupiters (i.e. Jovian-mass planets beyond 1 AU from the central star), 
once observational biases are considered [23][78]. With the currently expected migration rates, 
cold Jupiters should have started to form beyond ~ 20 AU in order to migrate no closer to 
the star than their current orbits within the lifetime of the protoplanetary disk. However, it is still 
unclear where the planets that should have started to form at the snowline might have ended up. 
Therefore, it is fair to say that this topic is still being debated, and the link between planetary 
composition and formation location is being investigated intensively. 

Interestingly, although the solar system is a well arranged system, some of its observed prop- 
erties can be explained if the planets moved around. The orbital structures of the populations of 
small bodies in the outer solar system require to have been sculpted during a phase of dynamical 
instability of the giant planets (see for a review). This dynamical instability is thought to have 
occurred after the disappearance of the gas from the protoplanetary disk and increased the mu- 
tual separations of the planets’ orbits, also exciting somewhat their eccentricities and inclinations. 


During the gas disk phase, it has been proposed that Jupiter migrated down to 1.5-2 AU before 


migrating outwards due to the effects of Saturn, as a means to explain the small mass of Mars and 
the depletion of the asteroid belt [118]. Even if the migration of Jupiter might not have been so 
extreme, Saturn is expected to have played a role in slowing down or reversing Jupiter’s migration 
and that all the outer planets entered in mean motion resonance with each other [83]. Un- 
fortunately, there is no direct evidence that constrains the dynamical evolution of the young solar 
system. The uncertainties on planet migration challenge our ability to link the currently observed 
planetary orbits to their original formation locations and to assess the importance of dynamical 


interaction in young planetary systems. 


What is the dominating size of solids that build-up planetary embryos/cores? 


It is yet to be determined whether the formation of an embryo/core is dominated by the accretion 
of large (planetesimals) or small (pebbles) objects, or both. The growth of the core via planetesimals 
should stall once all planetesimals in the planet’s vicinity have been accreted or scattered away 
although when planets form in systems, scattering of planetesimals by one forming planet 
can brings planetesimals to the other forming planet which is forming nearby [45]. Giant planet 
formation models with planetesimal accretion suggest that the formation of giant planets takes 
a few Myr. However, there is a large uncertainty on this estimate since the planetary formation 
timescale can be decreased substantially if opacity reduction and/or envelope enrichment 
are considered. Unlike planetesimals, pebbles, being small objects, experience fast orbital decay 
due to gas drag and therefore continuously resupply solid material to the planet’s vicinity; the 
core’s accretional cross-section is also larger for pebbles than for planetesimals [59]. For pebble 
accretion the core formation timescale is inversely related to the flux of pebbles, which is unknown 
and depends on the dust growth rate and the disk’s properties (e.g., size, density). Moreover, 
also the dynamical excitation of the growing planets affects the pebble accretion rate. In some 
cases formation via pebble accretion can be so efficient, that it overestimates the relatively low 
frequency of giant planets. Mechanisms that can delay/prevent substantial gas accretion are still 
being investigated. 

A combination of the two scenarios, core formation via pebble accretion followed by accretion 
of planetesimals, can explain the growth history of Jupiter deduced from meteoritic constraints 
(i.e. the rapid growth to ~ 20 Mg within 1 My, followed by a slow growth reaching ~ 50 Mg 
not before 3 My) [56]. This was investigated in detail by [3] and [116] where it was shown that 


these constraints can be fulfilled only if a heavy-element core is rapidly formed by pebble accretion, 


followed by a protracted phase of planetesimal accretion, at a rate of ~ 1076 — 1075 Ma/yr, which 
delays the onset of runaway gas accretion for ~3 Myr. In this scenario Jupiter’s core mass is 
between 6 and 15 Mg with a heavy-element total mass of 20-40 Mẹ. This formation scenario can 
also help explaining Jupiter’s fuzzy core. 

In the context of giant planet formation, whether dominated by pebble or planetesimal accretion, 
the forming core is expected to be composed of mostly heavy elements but can also have small 
amounts of H-He as we discuss above. Population synthesis models provide different predictions 
when assuming growth via pebbles or planetesimals [17]. Clearly a more detailed investigation of 
the topic is required. We encourage studies that combine both types of solids and investigate the 


transitions between the two and their dependence on the formation environment. 


How do planetesimals form? 


Although it is still unknown whether the planetary growth is dominated by planetesimal ac- 
cretion as discussed above, it is clear that planetesimals must form in protoplanetary disks. We 
see evidence for this in the Solar System, where asteroids and Kuiper belt objects are the leftover 
of planetesimal populations that were presumably much larger originally. In extrasolar systems, 
indirect evidence for massive planetesimal populations comes from the observations of debris disks. 
In these disks the dust must be continuously produced and mutual collisions among planetesimals 
is the favored mechanism for dust generation [76]. Nevertheless, the formation mechanism for 
planetesimals is still being actively investigated. 

Very small grains can grow by collisional coagulation, sticking to each other by electrostatic 
forces. However, when the grains reach a size of about a millimeter, bouncing becomes the dominant 
outcome of collisions and further growth is inhibited [124]; this is known as “the bouncing barrier”. 
The exact size of the bouncing barrier depends on the grains’ compositions (see and references 
therein for details). In addition, particles that are large enough to partially decouple from the 
motion of the gas experience rapid inward drift due to gas drag. This in turn leads to large relative 
velocities between particles with different sizes. As a consequence collisions become disruptive. 
Therefore collisions among dust particles are unlikely to lead to the formation of planetesimals, 
i.e., of objects of several kilometers in size. Moreover, even if somehow disruptive collisions could 
be avoided, the particles would rapidly drift into the host star. The drift speed is maximal for 
meter-size boulders, so this problem is known as the “meter-size barrier”. 


Great advances on planetesimal formation have been made in the last 15 years, as it was 


discovered that dust can form clumps due to a number of hydrodynamical effects {e.g. ,{24] (39) 4950, 
[123]. The most promising and deeply studied of these effects is called the “streaming instability” . 
Regardless of the actual dust-clumping mechanism, when a clumps becomes dense enough the dust 
remains bound by self-gravity against diffusion generated by turbulence and eventually settles to 
form a macroscopic object, with a characteristic size of ~ 100 km. The problem is that efficient 
dust clumping can be triggered only if (i) the dust particles are large enough (decimeter-size, or 
Stokes’ number of order unity) or (ii) the dust /gas ratio is a few times that of the average protosolar 
material [e.g., [122]. 

Therefore, planetesimal formation by this mechanism is possible only where there has been some 
preliminary pile-up of dust in the disk. Models of dust evolution show one location where sufficient 
pile-up should occur naturally: the snowline [e.g., [44] [100]. But, the planetesimals of the Solar 
System are so different from each other in terms of chemical and isotopic compositions that they 
all could not have formed at the same location. In addition, there are still no models capable to 
predict the resulting radial mass distribution of planetesimals. Therefore, it is fair to say that we 
do not yet understand how planetesimals form throughout (i.e., not just at one or a few distinct 


locations) the Solar System and exoplanetary systems. 


What is the role of gravitational instability in planet formation? 


An alternative model for giant planets formation is “disk instability”, where gaseous planets 
are formed by a local gravitational instability in the protoplanetary disk [T7] see e.g.,]. 
This model seems to be required to explain the formation of massive gaseous planets (above a few 
Jupiter masses), the existence of giant planets at very large radial distances such as in the HR8799 
planetary system |{e.g., [72], the formation of planets in very short timescales [e.g., [57], and the 
existence of giant planets around M stars [e.g., [BI]. 

The “disk instability” model is most efficient in massive disks and in cold regions (i.e. at large 
radial distances), as implied by the Toomre criterion that is used to infer the conditions for 
disk fragmentation (see for review). However, the efficiency of the “disk instability” model, and 
the resulting planetary masses and their compositions, as well as the planetary orbital properties 
are still being investigated [88]. 

Traditionally, the existence of a heavy-element core and non-stellar compositions of giant planets 
was used to discriminate between “core accretion” and “disk instability”. However, it was shown 


that a core can form in both models and that the expected enrichment of giant planets is strongly 


affected by the formation environment and the early evolution of the planets (e.g., migration 
followed by planetesimal accretion, atmospheric loss) in both formation models. Therefore, the 
planetary composition and internal structure cannot be used in a simple manner to discriminate 
among these models. 

A key observational constraint for giant planet formation models is the correlation between 
stellar metallicity and the occurrence rate of giant planets [82]. This correlation can easily be 
explained by the “core accretion” model as more metal-rich disks lead to more efficient core for- 
mation followed by gas accretion. For disk instability, it is yet to be determined whether disk 
fragmentation is more likely in metal-rich disks [see for details]. Nevertheless, it should be 
noted that this strong metallicity correlation does not exist for massive giant planets that are 
several Jupiter-mass [e.g., [98]. This may imply that massive giant planets are formed by “disk 
instability” while Jupiter-mass planets are formed via “core accretion”. 

At the moment the main challenge of the “disk instability” model is to demonstrate that 
planetary-mass objects can form (and not accrete much during their early evolution) and sur- 
vive in realistic disk conditions [55]. This is still work in progress and, because the results strongly 
depend on the numerical model, its resolution and assumptions, tendencies and correlations in 
the “disk instability” model are still unclear. However, even if “disk instability” is not the main 
mechanism for giant planet formation, gravitational instabilities in young disks may represent the 
first trials of planet formation, affecting the disk’s evolution and the conditions for effective planet 


formation at later times. 


What are the expected compositions and structures of giant planets? 


The compositions of giant planets can range from super-solar to solar and even sub-solar. 
The mass-radius relations of Jupiter and Saturn hint that they contain heavy elements in larger 
proportion than the protosolar gas; moreover the enrichment in heavy elements is different for 
the two planets. The diversity of planetary compositions of giant exoplanets can be probed for 
non-highly irradiated planets with measured masses and radii [109]. Many of these planets 
have heavy-element mass fractions that are much higher than the ones predicted from standard 
formation models. During the formation stages 1 and 2, the heavy-element mass is expected to be 
of the order of 10 Ma, and accretion of heavy elements during runaway gas accretion should be very 
inefficient [102]. Therefore, unless the solar nebula was extremely metal-rich [116] or giant impacts 


are invoked [65], it is not easy to explain these enrichments. For giant exoplanets an appealing 
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explanation is planetesimal accretion during inward migration [101]. Since exoplanet observations 
are still biased towards close-in planets, the metallicities of giant planets on wider-orbit is yet to be 
determined. Such measurements would allow us to understand the dependence of the enrichment 
on the orbital distance. 

The distribution of the heavy elements in giant planet interiors is still being investigated [43]. 
While the assumption of a simple core+envelope structure is convenient from the modeling per- 
spective, updated formation and structure models of giant planets show that the heavy elements 
are not uniformly mixed [68]. In addition, giant planets probably do not have distinct com- 
pact cores; they rather have an innermost region which is highly enriched with heavy-elements. 
This is because once the core mass becomes sufficiently high, the protoplanet can accrete H-He 
(phase-2) and the subsequently incoming solids dissolve in the atmosphere 40, (112). This leads 
to composition gradients in the deep interiors. Indeed, a fuzzy core seems to exist in Jupiter, as 
suggested by detailed structure models that fit its gravity field [117]. In order to connect the 
formation and current-state structure it is important to model the long-term planetary evolution 


and investigate whether/how the heavy-element distribution changes with time ; 


What controls the final mass of giant planets? 


Giant planets come at different masses and it is still not understood what mechanism stops the 
gas accretion. Originally, it was assumed that the planet stops accreting gas when the gaseous disk 
disappears. Giant planets open gaps in the disk, but gap opening is not an effective way to shut-off 
gas accretion, because the gas penetrates into the gap from the surface of the disk [82]. With or 
without the gap, the flux of gas to the planet’s orbit is essentially the same as the accretion rate 
of the star from the disk. With a typical value of 1078 Mọ/yr, a planet like Jupiter can grow in 
10° yr 64 [107]. Thus, there is the need to understand how most giant planets 
limited their growth to a mass comparable to Jupiter’s or just a few times larger. In the Solar 


System, we still need to understand how Jupiter and Saturn reached their terminal masses. 


What is the role of giant impacts in planetary formation? 


In the solar system it seems that giant impacts played a key role in shaping the planetary 
properties. Giant impacts are favorable explanations for the formation of the Earth’s moon [20], 


the high iron-to-rock ratio in Mercury [22], Uranus’ obliquity and regular satellites [46] 96}, 
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and even Jupiter’s fuzzy core [66], Mars hemisphere dichotomy and its moons [18], and the 
Pluto-Charon system [19]. This suggests that too many protoplanets tend to form in the disk, 
so that the system is initially unstable. The impacts reduce the number of massive objects and 
increase the masses of the survivors, until a stable configuration is obtained. 

Therefore it is likely that giant impacts also played an important role in exoplanetary systems 
{13} [47]. The fact that the planetary properties can be changed due to giant impacts suggest that 


one has to be careful when linking the currently observed properties with the planet’s origin. 


How long does it take for planets to form? 


Giant planets are H-He dominated and therefore must have completed their formation within 
the lifetime of the protoplanetary disk (because they accreted the gas from the disk). Since the 
average age of protoplanetary disks is ~ 3 Myr [70], giant planets are expected to form within this 
timescale. However, in terms of formation models a couple of Myr make a great difference in the 
required disk’s conditions (which determine the accretion rates), the formation efficiency, the early 
evolution, as well as the predicted masses and compositions of giant planets in various formation 
models [2] 3] 0) A1 G2 B4 5] 02 03, TG). 

The terrestrial planets might have formed on a longer timescale than the disk’s lifetime. The 
Moon-forming event happened several 10 My after gas photo-evaporation, according to radioactive 
chronometers [54]. Mars, instead, ended its accretion within 4-5 My [28]. However, it is not known 
what was the mass of the Earth when the gas disappeared. In the classic model of Wetherill 
[119], the Earth should have had a mass comparable to Mars, but modern models, accounting also 
for pebble accretion, argue for a much more substantial mass [94] [99]. The Earth must have 
been sufficiently massive to retain the material delivered by the cometary shower associated to 
the giant planet instability, whose amount is constrained by comparing the elemental and isotopic 


compositions of noble gases in the Earth’s atmosphere with those of comet 67P/C-G [74]. 


How do intermediate mass/size planets form? 


Exoplanet data suggest that planets with intermediate masses (a few to a few tens of Ma) 
and radii (1.5-4 Rẹ) are extremely common in the galaxy. These planets are often refereed to 
as super-Earths and mini-Neptunes. The first, represent planets with relatively high densities 


(refractory materials), some kind of large-scale Earth, while the latter represent planets with non- 
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negligible amounts of H-He atmospheres, small or comparable version of Uranus/Neptune. It 
is not easy to learn about the formation of such planets without having tighter constraints on 
their bulk compositions and their original formation location. With accurate measurements of the 
planetary mass and radius, the average planetary density can be determined, and can be used to 
(non-uniquely) infer the planetary bulk composition. 

The formation of intermediate mass/size planets remains a challenge to planet formation models 
[42|. The formation of mini-Neptunes and super-Earths is expected to occur at larger radial dis- 
tances (via pebble/planetesimal accretion) followed by inward migration [10] {115}. If intermediate- 
mass planets form at large radial distances and migrate inward, they are expected to contain a large 
amount of volatile elements, water in particular, because their formation started at the snowline. 
However, the analysis of the M-R relationships for super-Earths that are up to ~ 3 Mẹ and radii 
smaller than 2 Rgand have no atmosphere indicate that these planets are made of refractory ele- 
ments [48] [67] [91]. This could imply that these planets have formed in-situ from the accumulation 
of refractory dust at the inner edge of the protoplanetary disk [34]. 

Future measurements of atmospheric compositions could assist in this direction as well as ad- 
vances in theory. Because intermediate mass/size planets lie between terrestrial and giant planets 
in a mass-radius diagram [90], knowledge of both groups is required and we suggest that this is 
a topic that should be investigated in detail in future research, as the return is expected to be 


enormous. 


Have we discovered extrasolar terrestrial planets yet? 


Because of observational biases, planets as small as the terrestrial planets of the Solar System 
have been discovered only around low-mass stars. Around solar-mass stars, so far only super- 
Earths have been detected, where some of them are expected to have Earth-like compositions. Due 
to observational biases, in all cases the discovered planets are significantly closer to the parent 
star than our own terrestrial planets, although some of those orbiting low-mass stars are also in 
the so-called habitable zone. However, in terms of formation process, it is unclear whether these 
planets had formation paths similar to the the terrestrial planets of the solar system [60]. If we 
identify “terrestrial planets” by their formation process the question in the title of this section has all 
its relevance. It also highlights the need to identify which of the specific aspects of Earth’s formation 
have been fundamental to determine the properties that make our planet a truly habitable world 


and to assess the likelihood that the same happened on other planets. 
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IV. OPPORTUNITIES 


The near and far future seem bright. The ongoing and future observations of planets and 
planetary systems, as well as the theoretical developments, are expected to significantly improve 


our understanding of planet formation. Some of the key opportunities are listed below: 


+ The ongoing TESS (NASA) and CHEOPS (ESA) missions as well as the availability of 
new spectrographs for improved radial velocity measurements (e.g. ESPRESSO, ESO), and 
coronographs for direct imaging (e.g., SPHERE+, ESO). All these instruments will broaden 
the census of extrasolar planets and extend it to a region of the mass-distance diagram not 


yet sampled. 


+ The PLATO ESA mission will provide an understanding of the architecture of planetary 
systems, probing a larger range of radial distances, with well constrained ages of the systems. 


This can be used to further constrain planet formation and evolution models. 


+ ALMA keeps providing data on protoplanetary disks, the birth environments of plan- 
ets. This is then used to constrain the formation timescale and the expected properties of 


protoplanetary disks and their diversity. 


+ JWST and ARIEL are expected to provide key information on the atmospheric 
composition of gaseous-rich planets. This, together with an accurate determination of the 
planetary mean density can further constrain the planetary bulk composition, as well as 


their formation and evolution histories. 


+ Direct imagining surveys can be used to better understand giant planet formation and put 


constraints on the entropies and luminosities of young giant planets. 


+ Solar System missions: Within the solar system, various missions are dedicated to better 
understand planets and small bodies. Particularly relevant will be the missions to Uranus 
and/or Neptune [83]. The properties of these planets are poorly known, but it is now clear 


that they represent a category of planets that are numerous around other stars. 


V. CHALLENGES 


As some questions are being solved, new questions arise; models reach the next level of complex- 


ity where more detailed processes must be included; different pieces of the puzzle must be fit into 
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a unified model. We reach a point where the details matter, which makes models more complex 
but also allow achieving a deeper understanding of the topic. 


We envision future progress in the following directions: 


+ Combined solar-system and exoplanetary science: While solar system science focuses 
on explaining the detailed properties of the objects in our specific planetary system, exo- 
planetary science provides a broader view of planetary systems allowing to build statistics 
and identify trends and correlations. However, each exoplanetary system is much less ob- 
servationally constrained than our own. These two fields are clearly complementary and we 


urge to bridge the two in future research. 


+ Combining dynamics with thermodynamics: At the moment planet formation models 
can be broadly divided in two categories: some are based on a careful treatment of the 
thermodynamics and other physical processes, but assume that the planets form in situ 
and independently from the other objects of the system; others are based on dynamical 
simulations that model properly the interaction of the growing planet with the disk and the 
other objects, but the physical structure of the planet is modeled in an over-simplified way. 


Clearly, a unified formation model is required in the future. 


+ Linking current-state structure and origin: 


In order to link the internal structure of a planet with its origin, a good understanding of its 
evolution is required. This is because the three aspects of formation, evolution and internal 
structure are linked: the formation process determines the primordial planetary composi- 
tion, internal structure and thermal state. These determine the heat transport mechanism, 
the potential re-distribution of the materials, and the planetary long-term evolution which 
could also include evaporation and outgassing. The planetary evolution then determines 
the current-state internal structure. As a result, in order to use the current-state planetary 


properties with formation, modeling the planetary evolution properly is required. 


The challenges in planet formation theory should not be viewed as obstacles but as exciting 
opportunities to advance the field and reach a new level of understanding of how planets form. 
After all, we live on a planet which is part of a planetary system, and only with a better knowledge 


of how planets form can we understand our uniqueness. 
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